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Abstract 
A basic formulation of a Phase-Change-Material (PCM)-dispersion is characterized and subsequently enhanced. Enhancement 
takes place in two steps. First by enlarging the fraction of PCM in the PCM-dispersion and in the second step by adding a 
nucleating agent to the formulation. This work shows how the increasing PCM-fraction influences the viscosity, thermal-
mechanical-stability and the amount of heat that can be stored in the phase change. In addition to that it is shown how these 
parameters and the supercooling of the PCM-dispersion can be altered by the addition of a nucleating agent.  
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1. Introduction 
Phase change slurries (PCSs) consist of a phase change material (PCM) and a carrier fluid. Depending on its state 
of matter the PCM is either suspended or emulsified in the carrier fluid. This facilitates the conveying of the PCS in 
a hydraulic system independent of the state of matter of the PCM. PCSs may be used in industrial cooling processes 
as heat transfer fluids as they can store a high quantity of heat within a small temperature range and can transfer the 
stored heat homogenously keeping a relatively steady temperature level [1]. The usage of a fluid that stores energy 
and is transportable at the same time helps reducing energy losses [2]. By dispersing the fine PCM droplets in water 
a high surface to volume ration is created that enlarges the heat transfer rate [3]. 
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While pumping the PCS it is undergoing mechanical and thermal stress. Therefore the PCS has to be able to 
withstand this stress equal of the phase of matter of the PCM-droplets and in its phase change. Pumping energy shall 
be kept low by developing PCS formulations with low viscosities as an emulsion or dispersion [4]. Having a steady 
formulation for a PCS the viscosity of the PCS depends on the emulsified PCM and the PCM-fraction. In this 
research work paraffines were emulsified in water. Paraffines have the advantage that the melting point of the n-
alkanes depends on the number of the carbon atoms in the chain [5]. This makes it possible to adapt the melting 
point to the demand by choosing an n-alkane as a PCM with a fitting melting point. Further the melting point can be 
adapted by emulsifying paraffine blends. 
In the confined geometries of the paraffine droplets in water the nucleation seeds of the paraffine are separated 
and the paraffin is crystallizing at temperatures below its phase change temperature [6]. This effect is called 
supercooling. As a bulk material paraffines have low supercooling effects due to impurities that can act as 
nucleation seeds. This effect can enlarge the operating temperature range of the formulated PCS [7] and reduce the 
storage capacity in a given temperature range [8]. 
In this research work it shall be shown how a PCS can be characterized and enhanced. It will be investigated how 
much PCM-fraction can be emulsified stably to enlarge the amount of heat that can be stored in the phase change 
when the PCS has to withstand multiple phase changes. In a second step of enhancement nucleation seeds shall be 
added to the formulation to decrease the supercooling of the PCM-droplets.  
2. Methodology 
Research work was leading to a basic formulation for a PCS with 30 wt.% n-octadecane (Parafol-18-97, Sasol 
Germany) emulsified in distilled water using 7 wt.% non-ionic emulsifier with an HLB of 12. This PCS was cycled 
100 times over its phase change region with a shear rate of 100 1/s in a rheometer. Based on this formulation the 
fraction of PCM in the emulsion is increased to 35 wt.% and 40 wt.% of octadecane to gain a higher storage density 
in comparison to water. As a nucleating agent a derivate of paraffine was added to the formulation. 
The PCM-emulsions are prepared using a dispersing machine and a high pressure homogenizer. The main 
characterization takes place by examining the particle size, viscosity, storage density and thermo-mechanical 
stability.  
The particle size distribution was analysed by a laser diffraction particle analyser (Beckman Coulter, LS13320).  
Figure 1: Determination of the heating rate suitable for the measurement of PCM-emulsion 
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A DSC (Q200, TA Instruments) was used to determine the melting/crystallization temperature and the enthalpy 
of fusion/crystallization. The supercooling is given as the difference of the peaktemperatures of melting and 
crystallizing. The measurements were performed in Tzero hermetic aluminium crucibles at a heating rate of 
1 K·min-1 and the temperature dynamic range varied from 0 °C to 40 °C. To identify the suitable heating rate for the 
emulsions a heating and cooling rate test was performed conformal to the procedure developed in IEA ECES Annex 
29 / SHC Task 42 (Task 4229) [9]. This heating rate test as it is shown in Figure 1 was leading to a heating rate of 
1 K·min-1. For the DSC measurements the samples volume was 10 µL. A flow of dry nitrogen was used to purge the 
measuring cell.
A rotational rheometer (Anton Paar, MCR 502) is used to determine the viscosity in dependency on the shear rate 
(0.01 mPa·s – 1000 mPa·s) at a constant temperature in the molten and in crystallized phase. The viscosity is 
measured in a concentric cylinder measuring system consisting of a measuring cylinder and a measuring cup, 
wherein the measuring cylinder is rotated.  
With the same setup the thermal-mechanical-stability of the PCM-emulsion can be pretested in the rotation 
rheometer. The PCM emulsion is heated up and cooled down at a defined heating rate of 0.05 K·s-1 while being 
stressed with a constant shear rate (100 mPa·s) over 100 thermal cycles. 
For further examination of the thermal-mechanical-stability the PCM-emulsions were examined in a test-facility. 
Figure 2 shows a sketch of the test facility with three different hydraulic loops. The emulsion (test loop) is 
continuously heated up and cooled down using the plate type heat exchangers (heating/ cooling loop). In this way 
the thermal-mechanical stability of the PCMs can be tested accelerated by exposing the PCS to rapid heating and 
cooling cycles while being subject to mechanical stress. The number of cycles per day depends on the volume flow 
in the test loop. With a volume flow of 200 L·h-1 and 3.5 L of PCS in the test loop the number of cycles amounts to 
1370 per day. All installed components are standard equipment for hydraulic networks in cooling and heating 
applications as the centrifugal pump and the plate heat exchangers. 
During the cycling samples are taken regularly and the particle size as well as the melting- and crystallization-
enthalpy is determined as an indicator for stability. Installed pressure sensors measure the differential pressure of the 
heat exchanger at the cold side of the test loop. If the emulsion breaks, PCM gets free, crystallizes and agglomerates 
in the plate heat exchanger. Thus the differential pressure over the cold heat exchanger increases. 
Figure 2: Schematic diagram of the test facility 
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3. Results & Discussion 
The first step of the enhancement of the basic formulation was to increase the amount of PCM in the slurry. By 
increasing the mass fraction of PCM the amount of heat that can be stored in the phase change of the PCM-droplets 
is increased. Table 1 shows that increasing the PCM-fraction from 30 wt.% to 40 wt.% is leading to 26 J·g-1 more 
latent heat in the phase change for the melting. 
The viscosity is depending on the total emulsifier content and the mass fraction in wt.% of the PCM-fraction as 
well as the particle size of the PCM-droplets. In this comparison the emulsifier content is kept the same for the 
rising mass fraction of PCM. In Figure 3 it can be seen that the viscosity is increasing with the higher mass fraction 
of PCM while the droplet size distribution is constantly between 0.04 µm and 0.7 µm. Over 100 thermal-mechanical 
cycles the viscosity of the emulsion with 30 wt.% octadecane is less than 30 mPa·s, for 35 wt.% under 100 mPa·s 
and the viscosity of the emulsion with 40 wt.% rises up to 200 mPa·s.  
From a mass fraction of 30 wt.% up to 40 wt.% the PCS were thermally-mechanically stable over 100 cycles in 
the rheometer (compare Figure 3). To further characterize these formulations up-scaled PCS with 3.5 L were 
analysed in the cycling test facility (for a schematic diagram see Figure 2). 
The change of the particle size distribution over the time in the test facility of the PCS with 30 wt.% of 
octadecane can be seen in Figure 4. It is in the beginning 0.2 µm and 1 µm. Due to the cycling the octadecane 
particles get smaller and the distribution of the particles get more homogeneous. Over 23000 thermal mechanical 
cycles the PCS does not show instabilities and has a final particle size distribution from 0.07 µm to 0.2 µm. 
Table 1: Latent heat of melting and cooling of the emulsion with 30 wt.%, 35 wt.% and 40 wt.% octadecan and 7 wt.% emulsifier 
Figure 3: Particle size distribution (right) and viscosity (left) of the emulsion with 30 wt.% (black), 35 wt.% (red) and 40 wt.% (blue) octadecan 
and 7 wt.% emulsifier in dependence of thermo-mechanical cycles (5 °C - 35 °C; 100 1·s-1)
Sample LatentHeatmelting[JͼgͲ1] LatentHeatcooling[JͼgͲ1]
Octadecanebulkmaterial 232 232
30wt.%octadecane 65 67
35wt.%octadecane 79 80
40wt.%octadecane 91 92
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Figure 4: Particle size distribution in dependence of thermal-mechanical cycles of the PCM-emulsion with 30 wt.% of octadecane and 7 wt.% 
emulsifier in the cycling test facility  
Figure 5 (left) shows that the up-scaled PCS with 35 wt.% of octadecane has a homogeneous particle size 
distribution between 0.1 µm and 0.4 µm at the beginning of the test in the cycling test facility. While cycling the 
particle size distribution stays constant and homogenous except for the particle size at around 11000 cycles. After 
11000 cycles the particle size distribution is broader but is not showing signs of instability. After passing nearly 
13000 thermal-mechanical cycles the test was stopped. 
The particle size distribution of the PCS with an octadecane mass fraction of 40 wt.% is between 0.04 µm und 
0.4 µm and is getting more homogenous while cycling in the test facility. Over 13000 cycles the PCS did not show 
instabilities. 
In the second step of the enhancement the supercooling of the PCM-droplets shall be reduced. As a nucleating 
agent 0.5 wt.% of a paraffin derivate were added to the formulation. In Figure 6 (left) it can be seen that the 
nucleating agent in the formulation of a PCS with 35 wt.% of octadecane leads to a reduction of supercooling. The 
PCS without a nucleating agent has a supercooling of 15.3 K (peak-peak-temperature). By adding a nucleating agent 
the supercooling can be reduced about 9.5 K to a supercooling of 5.8 K. 
Figure 5: Particle size distribution in dependence of thermal-mechanical cycles of the PCM-emulsion with 35 wt.% (left) and 40 wt.% (right) of 
octadecane and 7 wt.% emulsifier in the cycling test facility  
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Figure 6: Left: Heatflow (left) and viscosity (right) in dependence of thermo-mechanical cycles (5 °C - 35 °C; 100 1·s-1) of two emulsions with 
35 wt.% octadecane and 7 wt.% emulsifier with 0.5 wt.% (red) and without (black) a nucleation agent  
The formulation with the nucleating agent was pre-tested for stability in the rheometer. Figure 6 (right) shows 
that the PCS is stable over 100 thermal-mechanical cycles in the rheometer. While being cycled the PCS is showing 
shear-thickening. By adding 0.5 wt.% of nucleating agent to the formulation the viscosity is increased. The PCS was 
up-scaled and further examined in the cycling test facility. 
Figure 7 shows that the particle size for the PCS with 0.5 wt.% of nucleating agent is not changing over 2300 
cycles. After 6500 cycles the particle size distribution gets broader and the dV50-value increases slightly to 0.12 µm. 
The enthalpy-diagram in Figure 7 shows that after 6510 thermal-mechanical cycles the stored energy is partly 
released at temperatures below 15 °C. PCM-particles formed that do not have a reduced supercooling on account of 
a nucleating agent. In these PCM-particles the nucleating agent is not working as an active nucleation site or is not 
present. In the beginning the PCS has a crystallization peak between 17 °C and 33 °C with a latent enthalpy of 
59.7 J·g-1. During the thermal-mechanical cycling the latent enthalpy decreases within this temperature range and 
after 6510 thermal cycles the peak amounts to 18.6 J·g-1. Due to this decrease of enthalpy the cycling of the basic 
PCM-emulsion was stopped at 6510 cycles. 
Figure 7: Particle size distribution in dependence of thermal-mechanical cycles (left) and the enthalpy (right) before and after cycling in the test 
facility of the PCM-emulsion with 35 wt.% octadecane, 7 wt.% emulsifier and 0.5 wt.% nucleating agent 
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4. Conclusion 
The emulsions were characterized on their suitability for an application concerning viscosity, enthalpy and 
stability. Following the pre-tests the emulsions were up-scaled and experiments in a test facility were carried out. 
The emulsion with 30 wt.% octadecane and 7 wt.% emulsifier was successfully cycled 28000 times over its phase 
change range with a volume flow of 200 L·h-1 in the test facility. This formulation was further enhanced.  
The first step of the enhancement was successful. The PCM-fraction of the PCS was increased for storing a larger 
amount of heat in the phase change without causing instability of the formulation. The formulations with 30 wt.%, 
35 wt.% and 40 wt.% were over 10000 cycles thermal-mechanically stable in the cycling-test facility. The PCS did 
not show instabilities while passing the phase change multiply and with 40 wt.% of octadecane 26 J·g-1 more 
enthalpy can be stored in the phase change of the melting. 
In the second enhancement step the supercooling was reduced about 9.5 K by adding a nucleating agent to the 
formulation. This enables one to store and release more heat in a smaller temperature difference and improves the 
PCS as a storage fluid. The formulation of the PCS is not suitable to keep the nucleating agent active in the droplets 
when the PCS is thermally-mechanically cycled. In future research work the formulation shall be adopted and 
optimized concerning a constant supercooling reduction. 
The successful formulation for octadecane shall be tested in future work with different other paraffines as 
hexadecane (C16H34) or eicosane (C20H42) as a PCM. The PCS would then be adoptable for diverse applications. 
The authors are grateful to the German Federal Ministry of Economics and Energy for funding the work of this 
project (03ESP357B) and the Project Management Jülich for the administrative support. 
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